The design and manufacture of a pressure vessel for aerospace application is a major undertaking requiring significant amount of resources. The large pool of talents needed to carry out these tasks include stress analysts, design engineers, manufacturing engineers, planners, tool engineers, NC programmers, test engineers, and highly skilled workers such as machinists, welders, heat treat technicians, inspectors, and test technicians, plus program managers to put all the different pieces of the puzzle together. These people have to perform design analyses, create drawings for parts and assemblies, write process procedures, generate NC programs, produce tool drawings, build manufacturing tooling, plan manufacturing sequences, generate shop travelers, write test procedures, and produce test reports. Suffice it to say the non-recurring cost to design and manufacture a pressure vessel can be high.
INTRODUCTION
The telecommunications revolution made some fundamental changes in the Aerospace Industry in the 1990's and forever changed the way PSI conducts its business. Our customers/programs are now mostly commercial, and the end-users have switched from government to commercial operators of satellite programming and telecommunications. With Wall Street investors behind these new satellite ventures, the push to quickly bring a product to the marketplace gives PSI less than 12 months to complete the development cycle. The quantity of tanks, however, has increased. For example, PSI has produced over 250 propellant tanks for the Hughes HS 601 spacecraft and over 100 tanks for the Iridium
This new environment is not limited to commercial programs. NASA's "Faster, Better, Cheaper" approach to space exploration provides the same challenge.
However, the most significant change brought about by this market-driven environment is the emphasis on cost. Many new programs now place a disproportionate amount of emphasis on cost, while still demanding quality and reliability. One of our customers even went so far as to state that cost is now the only element being considered in awarding subcontracts. Yet PSI is well positioned for this new environment. One of ways PSI meets this challenge is to develop derivative tanks that are based upon PSI's large inventory of qualified tank designs.
Developing derivative tanks to reduce overall program cost is not a new concept at PSI. Our customers have been taking advantage of PSI's large inventory of qualified tank designs for years. Starting in the 1970's, diaphragm tanks of various sizes were developed and derivative tanks have evolved steadily for over thirty years. When PSI introduced propellant tanks with internal surface tension Propellant Management Devices (PMD's), efforts were also made to install these PMD's in existing tank shells. As PSI's inventory of qualified tank designs grew, we became more capable of meeting our customer's needs. And as the new market environment places more emphasis on low cost and an accelerated development schedule, this large inventory of tank designs becomes more and more valuable to PSI and our customers.
There are currently over 350 qualified tank designs at PSI. Developing derivative tanks takes full advantage of this inventory of tank designs and becomes easier as the number of qualified designs grows.
These qualified designs offer a wide range of tank shell sizes, shapes, wall thicknesses, and mounting configurations. The cost saving offered by a derivative tank depends on the type of modification, but typically includes reduced analyses, engineering and documentation, tooling, machining, welding, and heat treat developments.
In many instances, tank qualification programs can also be eliminated.
Another significant advantage in developing a derivative tank is its positive effect on the program schedule. Because of the reduced need for drawings and documentation and the availability of tooling, the manufacturing cycle for a derivative tank is much shorter than that of a new tank. The schedule difference is on the order of 3 to 9 months. The elimination of a qualification test program and the subsequent qualification test report and documentation further reduces the program schedule by as much as two to three months.
This leads us to a third advantage of a derivative tank. Many derivative tanks offer qualification status and flight heritage. The qualification status has positive effects on cost and schedule as demonstrated previously. The benefit of flight heritage is somewhat intangible, but it does offer proof of quality and reliability. This paper is divided into several sections based on our product line.
Examples of derivative tanks are provided for each product line to demonstrate how widely this practice is being employed at PSI.
DIAPHRAGM TANKS
PSI has manufactured over 800 diaphragm tanks, yet there are less than 15 different sizes of diaphragms. This indicates that most of the diaphragm tanks made by PSI are derivative tanks. In fact most PSI diaphragms were developed in the 1970's. And once a diaphragm has been developed, our designers simply design the tank shells around the diaphragms. This practice takes advantage of existing tooling: including weld tooling, diaphragm molds, and machining mandrels, to minimize the tank development cost.
Initially, different rubbers were used for the diaphragms. Since 1975 all diaphragms have been made from AF-E-332 rubber. This compound is a Nordel-based ethylene propylene terpolymer that is teflon and silica filled and peroxide cured.
The diaphragm formulation has not changed since 1975.
The available diaphragm tank sizes are: The unique proprietary process for installing the diaphragm in an all-welded titanium shell is based on the tank closure process. This process requires girth welding only ¾ of an inch from the diaphragm lip, without overheating the AF-E-332 rubber diaphragm.
PSI has developed a process to consistently produce this closure weld, and all PSI diaphragm tanks have been welded using this same process for nearly 30 years.
PSI Diaphragm tanks are extremely reliable 1 . The positive expulsion diaphragm assures that the tank is capable of providing a continuous supply of fuel under most conditions. This also means that the tank can be mounted in any orientation aboard the spacecraft without the need for extensive fluid flow analyses such as the ones required on surface tension PMD's. This feature contributes to the flexibility in designing the tank shell and mounting features. As illustrated in the following pages, PSI diaphragm tanks have a multitude of mounting features designed to specific spacecraft and launch requirements, including bosses, tabs, lugs, flanges, and pedestals. Additionally, just about any tube diameter, length, and orientation are possible.
The heritage of PSI diaphragm tanks is unmatched in the Aerospace Industry. Several PSI diaphragm tanks are currently heading toward the outer edges of our Solar System onboard Pioneers 10 & 11 and Voyagers 1 & 2.
Other diaphragm tanks supported missions to Mercury, Venus, Mars, Jupiter, Saturn, and distant comets and asteroids. They are also onboard the Space Shuttle, launch vehicles and upper stages, and numerous commercial, military and scientific satellites.
All PSI diaphragm tanks can claim this heritage because all diaphragm tank designs and manufacturing processes are essentially identical. And in many instances, the same tooling is used to manufacture these tanks.
A photograph of some of the elastomeric diaphragms manufactured by PSI is presented below in Figure 1 . Figure 1 . Some of the elastomeric diaphragms manufactured by PSI.
9.41-inch DIAMETER DIAPHRAGM TANK
The 9.41-inch diameter diaphragm tank was originally developed in 1970 using an EPT-10 elastomeric diaphragm. The same diaphragm mold used to make the EPT-10 diaphragm is capable of producing the newer AF-E-332 diaphragm. However, as spacecraft grew bigger and their propellant needs increase, the demand for these small tanks diminished. PSI has not, as yet, had the opportunity to build a 9.41-inch diameter diaphragm tank with the newer AF-E-332 diaphragm. A summary of the 9.41-inch diaphragm tanks is presented below in Table A1 . It should be noted that the listed weight is maximum design weight. The actual tank weight is below the design weight. 
12.88-inch DIAMETER DIAPHRAGM TANK
The 12.88-inch diameter diaphragm tank was originally developed in 1972 using the EPT-10 elastomeric diaphragm. The diaphragm material was changed to AF-E-332 in 1974. There are three basic configurations: sphere/pedestal mount, sphere/girth lug mount, and spherical/elliptical pedestal mount. A summary of the 12.88-inch diaphragm tanks is presented below in Table A2 . It should be noted that the listed weight is maximum design weight. The actual tank weight is below the design weight. 
16.5-inch DIAMETER DIAPHRAGM TANK
The 16.5-inch diameter diaphragm tank was originally developed in 1967 using the EPT-10 elastomeric diaphragm. The diaphragm material was changed to AF-E-332 in the 1970's. This product line has tanks with many mounting features, including tabs, lugs, flange, and pedestal mount. A summary of the 16.5-inch diaphragm tanks is presented below in Table A4 . It should be noted that the listed weight is maximum design weight. The actual tank weight is below the design weight, and in some cases well below the design weight. 
This tank is a derivative of 80275-1. The polar bosses and the inlet and outlet tubes were modified. Qualification was by similarity, and a QBS report was generated for this tank. This tank is a derivative of 80303-1 tank. The polar bosses and the inlet and outlet tubes were modified. . Qualification was by similarity, and a QBS report was generated for this tank. 
16.5-inch DIAMETER STRETCH DIAPHRAGM TANK
The 16.5-inch diameter stretch diaphragm tank added a cylindrical center section to the existing 16.5-inch hemispherical heads. A new elongated AF-E-332 diaphragm was developed for this tank configuration, allowing the diaphragm to be fully reversed. A summary of the 16.5-inch stretch tanks is presented below in Table A5 . It should be noted that the listed weight is maximum design weight. The actual tank weight is below the design weight. 
17.4-inch DIAMETER DIAPHRAGM TANK
The 17.4-inch diameter diaphragm tank was developed in 1980 for the Ulysses Solar Mission. A new 17.4-inch diameter diaphragm was developed for this tank configuration. A summary of this product line is presented below in Table A6 . It should be noted that the listed weight is maximum design weight. The actual tank weight is below the design weight. 
19.06-inch DIAMETER DIAPHRAGM TANK
The 19.06 inch diameter diaphragm tank was originally developed in 1978 using the AF-E-332 elastomeric diaphragm. Since that time there were numerous inquiries regarding this tank, but 20 years elapsed before development of a derivative tank. A summary of the 19.06-inch diaphragm tanks is presented below in Table A7 . It should be noted that the listed weight is maximum design weight. The actual tank weight is below the design weight. This hydrazine tank is a derivative of the 80274-1. The tank shell was not changed and only the inlet and outlet tubes were modified. Qualification was by similarity to 80274-1. However, an additional slosh test was performed to qualify the tank. The development of this tank is detailed in the Reference 3 AIAA paper.
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22.1-inch DIAMETER DIAPHRAGM TANK
The 22.1-inch diameter diaphragm tank was developed in 1968 for a classified program. This size tank has evolved to become PSI's most popular product line. A summary of the 22.1-inch diaphragm tanks is presented below in Table A8 . It should be noted that the listed weight is maximum design weight. The actual tank weight is below the design weight, sometimes considerably below. 
28.0-inch DIAMETER DIAPHRAGM TANK
The 28.0-inch diameter diaphragm tank was originally developed in 1975 for the highly successful Voyager program. A series of derivative tanks were developed because of its attractive size. All the derivative tanks are related to the Space Shuttle APU tank, which was tested extensively. A summary of the 28.0-inch diaphragm tanks is presented below in Table A9 . 
40.0-inch DIAMETER DIAPHRAGM TANK
The 40.0-inch diameter diaphragm tank was originally developed in 1977. A series of derivative tanks were developed because of its attractive size. A summary of the 40.0-inch diaphragm tanks is presented below in Table A10 . This hydrazine tank is a derivative of 80370-1. This tank is still in the design phase. The inlet and outlet ports will be modified. Qualification will be by similarity.
*In production

PMD TANKS
1999 is the first year in which the cumulative total number of PMD tanks produced at PSI exceeds the total number of diaphragm tanks. It is more remarkable given the fact that the diaphragm tanks had a 10-year head start. However, the success of the PMD tank product line owes a great deal to the diaphragm tanks.
For starters, many PMD tank shells were designed around the existing diaphragm tank forgings.
Because of the wide range of available sizes to choose from, many PMD tank programs did not have to invest in new forging drawings nor did they have to purchase new forging dies.
Also similar to the diaphragm tanks, many PMD tanks use a common PMD. Only the tank shells were re-designed to accommodate different tank mounting configurations. This is especially true in many of PSI's earlier PMD tank programs such as the 19.03" and 22.12" product lines, but is also true for the more current commercial programs such as the 35" HS 601 propellant tank program and the 48.9" FS1300 propellant tank program. This practice is widely used when the spacecraft have similar or identical mission requirements, such as the ones for the commercial satellites. Significant cost savings can be achieved from reducing the need for PMD design and analyses and PMD assembly tooling. Additional savings may also be realized if the tank shell re-design is not significant enough to require a tank shell re-qualification program. Typically a protoflight test can qualify a new PMD in an existing shell.
However, unlike the diaphram tanks, the reverse design process is also widely exercised. Many PMD programs select an existing tank shell (or a slight modification thereof) and custom design a PMD to fit within it. Cost savings can be realized by using the existing machining and assembly tooling, drawings, and documentation such as test procedures.
This process maintains the qualification status of the tank shell, thus eliminating the need for a qualification program. Another significant factor is that this process takes advantage of the flight heritage of the existing tank shell. Although its value is somewhat intangible, it still represents a positive factor in the current aerospace environment. Pictures of some of the PMDs manufactured by PSI are shown below in Figure 2 . This product line has basically the same spherical tank shell. Many tanks also use the same PMD. A summary of the 19.03-inch PMD tanks is presented below in Table B1 . This tank is a derivative of 80296 tank. The tank shell was modified to change the location of the gas port. The PMD remains identical to the 80296 PMD. This tank was qualified by similarity. 
19.06-inch DIAMETER PMD TANK
The 19.06-inch diameter PMD tank was developed in 1994 for the NEAR oxidizer tank from a diaphragm tank shell. The tank is summarized below in Table B2 . This NEAR oxidizer tank is a derivative of 80274-1. The diaphragm and the diaphragm retaining features were eliminated and an outlet port was added near the girth. A vortex suppressor was added above the outlet port. The inlet and outlet ports were also modified. This tank was qualified by similarity. The development of this tank is detailed in the Reference 3 AIAA paper.
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19.32-inch DIAMETER PROPELLANT TANK
The original 19.32-inch diameter propellant tank was developed in 1971 for the Model 35 program. A summary of the 19.32-inch propellant tanks is presented below in Table B3 . 
21.75-inch DIAMETER PMD TANK
This 21.75-inch PMD tank product line is the oxidizer tank for the Lockheed Martin A2100 commercial spacecraft. There are two basic versions, a longer, AX version and a shorter, A verson. A summary of this product line is presented below in Table B4 . This tank is the first in a series of oxidizer tanks produced for the Lockheed Martin A2100 commercial spacecraft. The customer provided the PMD concept, and PSI designed the tank shell and the PMD. This tank was qualified by test. 
22.1-inch DIAMETER PMD TANK
This product line uses the same forgings as the 22.1-inch diaphragm tanks, many with the addition of a cylinder. Many classified program tanks have different tank shells but use the same PMD. A summary of the 22.1-inch PMD tanks is presented below in Table B5 . This tank is a derivative of 80310-1. It has the same PMD as 80310-1. The only differences are a shorter cylinder and PMD vanes. This tank was qualified based upon similarity.
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32.84-inch DIAMETER PROPELLANT TANK
A summary of the 32.84-inch propellant tanks is presented below in Table B7 . This tank is a derivative of 80277-1. The tank mounting was changed from tabs to a continuous flange, but the off-axis bosses remained the same. The PMD remains identical to the 80277-1 PMD. This tank was qualified by similarity.
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35.1-inch DIAMETER PMD TANK
The 35.1-inch diameter PMD tank is one of the most popular product lines in the history of PSI. Tanks of this size are provided to two major commercial buses, the HS 601 and the A2100. Table B9 . Within the past year there were numerous inquires regarding new derivative tanks based upon the existing COPV's. Some proposals lengthen or shorten an existing cylinder for varied volume. Other proposals maintain the existing liners and develop new filament wrap patterns for varied pressures. A new tank based on an existing pressurant tank is already in preliminary development stage. These are all promising indications that the COPV product line will expand from the addition of derivative tanks.
Pictures of some of the COPVs manufactured by PSI are shown below in Figure 3 . Figure 3 . Some of the COPVs manufactured by PSI. 
13.2-inch XENON COPV
